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Proprioceptive sensory neurons of the dorsal root ganglion acquire early muscle-specific patterns of gene expression, but these identities are independent of muscle-and motor neuron-derived signals. Rather, their subtype identities are specified by the mesenchyme of the developing limb, suggesting an early orchestration of the peripheral and central connections of sensory neurons.
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INTRODUCTION
The diverse repertoire of limb movements available to terrestrial mammals is directed by motor circuits in the spinal cord. Spinal motor neurons innervate individual muscle targets and, in turn, receive instructive input from sensory feedback pathways and descending commands that act directly or via local circuit interneurons to specify patterns of motor neuron and muscle activation. Of these inputs, proprioceptive sensory neurons alone are assigned the job of conveying information about the state of muscle activation to central neurons, most immediately through the formation of monosynaptic connections with selected pools of motor neurons (Baldissera et al., 1981) .
Proprioceptors are highly diverse. Each of the 60 or so muscles in the mammalian hindlimb is innervated by a single dedicated pool of motor neurons, and in turn each motor pool receives specialized inputs from selected group Ia proprioceptive sensory neurons. These inputs derive from sensory neurons that supply the muscle target of a given motor pool and to a lesser extent from proprioceptors that supply muscles with biomechanically related functions at a limb joint. However, motor neurons rarely, if ever, receive input from sensory neurons supplying muscles with antagonist functions (Eccles et al., 1957; Mears and Frank, 1997) . Indeed, many aspects of this sensory-motor connectivity matrix are assembled in the absence of patterned neural activity (Mendelson and Frank 1991; Mendelsohn et al., 2015) , implying that sensory neurons possess diverse molecular characters.
Within sensory-motor circuits, molecular programs that specify the identity and connectivity of motor neurons have been documented (Stifani, 2014) . Motor neurons acquire subtype identities before the innervation of limb target muscles, a state reflected in the expression of distinct transcription factors and downstream effectors that permit motor axons to respond to guidance cues expressed by the limb mesenchyme en route to specific muscle targets (Stifani, 2014) . The limb mesenchyme also contains positional signals that determine the cleavage pattern of individual muscles (Kardon et al., 2003) , in this way matching the guidance and termination of motor axons to the position of their target muscles (Tosney and Landmesser, 1984) . These analyses argue for the existence of sequentially implemented programs of motor neuron specification and connectivity. An early, limb-independent program confers major distinctions in motor neuron subtype and trajectory, whereas a later specification program requires exposure to limb signals for induced gene expression (Stifani, 2014) .
In contrast to the extensive information on motor neuron programming, only fragmentary information is available on strategies of proprioceptor specification (Arber, 2012; Usoskin et al., 2015) . The transcription factors Brn3a, Neurogenin2, and Runx3 direct the differentiation of dorsal root ganglia (DRG) sensory neurons toward a generic proprioceptor fate, and the neurotrophin NT-3 ensures proprioceptor survival, in part by inducing expression of the E twenty-six (ETS) transcription factor Etv1 (de Nooij et al., 2013; Lallemend and Ernfors, 2012) . How proprioceptor identities are assigned in a manner that matches their muscle targets remains unclear. A single study, performed in embryonic chick, has addressed the strategy for muscle-type proprioceptor specification at a molecular level and describes a gene, lmo4, that is broadly expressed by proprioceptors in the absence of limb-derived signals (Chen et al., 2002) . Yet, other studies in chick have implicated limb-muscle-derived signals as determinants of the fine pattern of proprioceptive sensory connections with motor pools (Wenner and Frank, 1995) . This latter observation, taken together with the precedent of both limbdependent and limb-independent programs of motor neuron specification (Stifani, 2014) , implies that certain features of proprioceptor specification are induced by limb-derived signals.
To clarify the developmental strategies of muscle-type proprioceptor specification, we performed molecular screens to identify genetic distinctions in proprioceptors supplying two muscles with antagonist functions at the ankle joint: the flexor tibialis anterior (TA) and extensor gastrocnemius (GS) muscles. These two muscles are found at a common proximal-distal position within the limb, with the TA muscle positioned dorsally and the GS muscle ventrally. These molecular screens identify several genes expressed in an all-or-none manner by proprioceptors innervating TA or GS muscles. Analysis of the patterns of expression of three of these genes-the adhesion and recognition molecules cdh13, sema5a, and crtac1-provide insight into the principles of muscle-type proprioceptor specification. We find that cdh13 and sema5a are expressed preferentially by proprioceptors supplying dorsal-distal hindlimb muscles, whereas crtac1 is expressed by proprioceptors supplying ventral-distal hindlimb muscles.
To pinpoint the source of signals that induce proprioceptor identity, we explored how the profile of expression of these genes is influenced by genetic manipulations that differentially affect motor neuron, muscle, and limb mesenchyme. The pattern of cdh13 expression is unaffected by the loss of motor neuron or muscle. However, when the dorsal mesenchyme acquires a ventral positional character, proprioceptors that project into dorsally positioned but ventrally specified mesenchyme lack expression of cdh13. Conversely, when the ventral mesenchyme acquires a dorsal character, cdh13 and sema5a are expressed in proprioceptors that project through ventrally positioned but dorsally specified limb mesenchyme, while the expression of crtac1 in ventrally projecting proprioceptors is abolished. We conclude that molecular features defining the muscle-type identity of proprioceptors are imposed by spatially confined signals from the limb mesenchyme.
RESULTS
Genetic Distinctions in Muscle-Defined Proprioceptors
We set out to define genes that distinguish sensory neurons supplying muscles that exert antagonist activities at a single hindlimb joint, focusing initially on the profile of proprioceptors that convey feedback from the ankle flexor TA and extensor GS muscles.
Proprioceptive neurons are marked by expression of parvalbumin (Pv), which also labels a small population of low-threshold cutaneous mechanoreceptors (de Nooij et al., 2013) . Parvalbumin::Cre (Pv::Cre) mice were crossed with a Thy1::lox-STOPlox::YFP reporter line (Hippenmeyer et al., 2005; Buffelli et al., 2003; Figures 1A and 1B) Figures 1C and 1D ). After extraction of total RNA, cDNA libraries were prepared for analysis of differential gene expression by Affymetrix microarray and RNA sequencing (RNA-seq).
We first assessed the validity of proprioceptor gene expression in TA and GS samples by comparing the ratio of three generic proprioceptor markers: parvalbumin (pv), runx3, and trkc. This analysis failed to detect consistent differences in the abundance of these three transcripts in TA and GS cDNA samples by microarray or semiquantitative PCR (p > 0.15; Figures  1E and S1C ). Thus, DRG cDNA libraries preserve the representation of proprioceptor genes.
We next searched for genes expressed differentially by TA and GS proprioceptors. Analysis of array data revealed 18 genes with >50-fold TA enrichment and 23 genes with >50-fold GS enrichment (p < 0.05; Table S1 ). RNA-seq analysis confirmed that 20 of these TA-and GS-enriched genes were expressed at 6-fold or greater levels in one or other population (p < 0.05). Semiquantitative PCR analysis confirmed the differential expression of four TA and six GS candidate genes (Figures 1F and S1C ; data not shown). More definitively, high-level neuronal subset-restricted expression of three TA and four GS genes was detected by in situ hybridization histochemistry, with the incidence of expression ranging from $3% to $56% of all L4/L5 DRG neurons ( Figure 1G ). The predicted products of this set of seven genescrtac1, rgs4, pcdh17, and tcerg1l for GS group proprioceptors and sema5a, tacr3, and cadherin13 (cdh13) for TA proprioceptors-encode cell and matrix adhesion and signaling proteins. Thus, the identity of TA and GS proprioceptors is marked by all-or-none differences in gene expression.
Muscle-type Proprioceptors Defined by cdh13, sema5a, or crtac1 Expression We chose to analyze two TA-enriched genes, cdh13 and sema5a, and one GS-enriched gene, crtac1, determining first their incidence in DRG neurons. We found that cdh13 is expressed by 48% of L1-L6 pv on proprioceptors, sema5a by All three genes were also expressed by subsets of trkA on or trkB on cutaneous sensory neurons ( Figure S1D ). Thus, all three genes are expressed by subsets of proprioceptors (Figure 2 ; Lallemend and Ernfors, 2012). We examined whether expression of cdh13 and sema5a exhibit selectivity for proprioceptors innervating TA muscle and, conversely, whether expression of crtac1 is selective for GS proprioceptors. To evaluate this issue, we injected ctb 555 into TA or GS muscles at P0 and assessed the status of cdh13, sema5a, or crtac1 expression in retrogradely labeled proprioceptors at P1. We found that 96% and 95%, respectively, of pv on , ctb 555 -labeled TA neurons expressed cdh13 and sema5a, whereas GS neurons were devoid of cdh13 or sema5a transcript expression ( Figures 2C, 2D , 2G, and 2H). The rostrocaudal distribution of pv on DRG neurons that co-expressed cdh13 exhibited a progressive caudal decline, from 66% of pv-labeled neurons in L1 DRG to 21% in L6 DRG. Similarly, sema5a was expressed by 33% of pv-labeled neurons in L1 DRG but only by 8% in L6 DRG (Figures 2B and 2F) . Conversely, 65% of GS neurons expressed crtac1, and TA neurons lacked crtac1 expression ( Figures 2K  and 2L ). The rostrocaudal segmental distribution of pv on DRG neurons that co-expressed crtac1 also showed a progressive caudal decline, from 38% of pv-labeled neurons in L1 DRG to 20% in L4 DRG, although fractional expression increased to $50% in L5 and L6 DRG ( Figure 2J ).
The cell bodies of TA and GS proprioceptors are located in L3 to L6 DRG. These four ganglia contain $630, 280, and 560 cdh13 on , sema5a on , and crtac1 on proprioceptors, respectively (see Moqrich et al., 2004 for an estimation of total pv on neurons in lumbar DRG). To estimate TA and GS/SOL/PL proprioceptor number, we noted that each spindle typically receives innervation from one group Ia and two group II afferents with each Golgi tendon organ (GTO) receiving only a single Ib fiber (Hunt, 1974 See also Figure S1 and Table S1 .
muscles. These numbers represent many fewer than the total number of cdh13 on , sema5a on or crtac1 on proprioceptors observed in L3-L6 DRG (Figure 2 ), implying that other limb muscles are supplied by lumbar cdh13 on , sema5a on , and crtac1 on proprioceptors.
To identify the additional muscle targets of cdh13 on , sema5a on , and crtac1 on proprioceptors, we labeled sensory neurons by injection of ctb 555 into defined hip, thigh, shank, and foot muscles that occupy distinct dorsoventral and proximodistal positions within the limb (see Figure 3I for a scheme depicting muscle location). Proprioceptors supplying the proximodorsal gluteus (GL) hip muscle lacked cdh13, sema5a, or crtac1 expression, whereas 64%, 2% and 1%, respectively, of proprioceptors supplying the dorsal rectus femoris (RF) and vastus (V) thigh muscles expressed cdh13, sema5a, and crtac1 ( Figures 2C,  2D , 2G, 2H, 2K, 2L, and S2A). Proprioceptors supplying ventrally positioned adductor (AD), gracilis (GR), semitendinosus (ST), and semimembranosus (SM) thigh muscles lacked cdh13 or crtac1 expression, although $25% of them did express sema5a ( Figures 2C, 2D , 2G, 2H, 2K, and 2L). Injections targeting dorsal shank TA, extensor digitorius longus (EDL), and peroneus longus (PER) muscles, revealed that $95% and 97% of pv on , ctb 555 neurons expressed cdh13 or sema5a, whereas TA/EDL/PER proprioceptors lacked crtac1 expression. The small size of foot muscles prevented us from targeting dorsal or ventral domains with absolute precision. Nevertheless, dorsally directed ctb 555 injections revealed that 91%, 40%, and 14% of retrogradely labeled proprioceptors expressed cdh13, sema5a, and crtac1, whereas 24%, 10%, and 89% of proprioceptors expressed cdh13, sema5a, and crtac1 respectively after ventrally directed foot injections ( Figure S2A ). These findings support the notion that dorsal-distal muscles are supplied preferentially by proprioceptors that express cdh13. Conversely, crtac1 is expressed preferentially by proprioceptors that innervate ventral-distal limb muscles, and sema5a is expressed in proprioceptors that supply dorsal or ventral domains at particular proximodistal positions. Thus, there is a clear link between proprioceptor expression of cdh13, sema5a and crtac1 and muscle position along the dorsoventral and proximodistal axes of the limb.
Genetic Labeling of cdh13-Expressing Neurons
To provide a more detailed evaluation of the identity and position of muscles innervated by cdh13 on proprioceptors, we used a genetic strategy to mark the cell bodies and peripheral and central axons of cdh13 on neurons. We generated a ''knockin'' mouse line in which a tamoxifen- Figure 3A ). Tamoxifen delivery to pregnant females at embryonic day 16.5 resulted in GFP expression in Pv on lumbar DRG neurons ( Figure 3B ). The fraction of GFP on proprioceptors in DRG L3-L5 was $8%, whereas $45% of + synaptic contacts found on TA motor neuron somata and the proximal 100mm of the dendritic tree co-expressed GFP ( Figures 3D-3F ). This low fraction presumably reflects mosaicism in GFP expression after tamoxifen induction. In contrast, none of the vGluT1 + terminals on the somata and proximal dendrites of GS motor neurons expressed GFP ( Figures 3E and 3F ). Since GS motor neurons also receive heteronymous input from soleus (SOL) and plantaris (PL) proprioceptors (Eccles et al., 1957) , we conclude that these two classes also lack cdh13 expression. Thus, the pattern of sensory-motor contacts in Cdh13::GFP mice conforms to the agonist-antagonist rules of synaptic patterning.
Transient Erosion of Sensory-Motor Target Specificity in cdh13 Mutant Mice
The recognition functions proposed for many type II cadherins (Duan et al., 2014) led us to examine whether elimination of Cdh13 function has any impact on the selectivity of sensory-motor connections. We analyzed homozygous Cdh13::CreER T2 mice in which expression of cdh13 is eliminated, termed Cdh13 mut ::GFP mice. In Cdh13 mut ::GFP animals the number of muscle spindles in dorsal and ventral shank muscles was similar to the number in Cdh13 het ::GFP and wild-type mice. In addition, TA, but not GS, proprioceptors express GFP, arguing against a role for cdh13 in peripheral sensory targeting and muscle spindle formation ( Figure S5E ; data not shown).
Comparison of the fraction of GFP + TA/EDL/PER sensory terminals in contact with antagonist GS group motor neurons in Cdh13 mut ::GFP mice at P7 revealed an $5-fold increase in GFP + /vGlut1 + proprioceptor sensory neuron boutons on retrogradely labeled GS/SOL/PL motor neurons compared with Cdh13 het ::GFP littermates ( Figure S3B ; p < 0.001). Correcting for differences in Cre dosage between homozygous and heterozygous mice still indicated a $3-fold increase in ectopic GFP + / vGlut1 + boutons at P7 (p < 0.01). By P18, however, mistargeting to GS motor neurons in Cdh13 mut ::GFP mice was much less pronounced ( Figure S3B ), indicative of a restricted developmental period during which sensory axons misproject to antagonist motor pools. The density of Pv on neurons in P18 lumbar DRG was not significantly different in Cdh13 het ::GFP and Cdh13 mut ::GFP mice ( Figure S3D ), arguing against cell death as the basis of the late correction in misprojections. Taken together, these findings suggest that proprioceptor cdh13 expression contributes, modestly, to the fidelity with which TA sensory afferents restrict themselves to functionally appropriate synergist motor pool targets. Figures 3G, 3H , and S2D). In contrast, GFP expression was not observed in sensory endings in GS muscle ( Figure 3H ), consistent with the TA group specificity of Cdh13::GFP mice.
Mapping Proprioceptor cdh13 Expression in
To investigate further the relationship between proprioceptor cdh13 status and the limb position of muscle targets, we assayed the status of sensory GFP expression in individual hip, thigh, shank, and foot muscle spindles in P7 Cdh13::GFP mice exposed to tamoxifen in utero at $E14.5-16.5. At the dorsal shank level, GFP + endings were observed in the TA ( Figures  3G and 3H ), extensor digitorum longus (EDL) and peroneus longus (PER) muscles ( Figures 3H and 3I ). In contrast, none of the spindles of the ventrally derived GS, SOL, PL, tibialis posterior (TP) or flexor digitorius longus (FDL) shank muscles were innervated by GFP + proprioceptors ( Figures 3H and 3I ).
At more proximal levels, none of the spindles of dorsally or ventrally derived hip muscles-the gluteus GL, iliacus (IL), psoas (PS), obturator externus/internus (Oe/i), and caudofemoralis (CF)-contained GFP + sensory terminals ( Figures 3H and 3I ).
For dorsally derived thigh muscles, the RF, but not the V group (Vl, Vi, and Vm) or pectineus (Pec) muscles, contained GFP + proprioceptor terminals, providing an explanation of the mosaic cdh13 status of RF/V proprioceptors detected in retrograde tracing experiments. Ventrally derived muscles AD/GR/ST/SM and biceps femoris (BF) did not contain any GFP + sensory terminals. Finally, we observed that spindles in the most dorsally located intrinsic foot muscles, but not the ventral foot muscles, contained GFP + terminals ( Figures 3H and 3I ). This muscle-bymuscle analysis consolidates the view that cdh13 on proprioceptors supply dorsally derived limb muscles with a distal positional bias.
Onset of Proprioceptor cdh13 Expression Occurs after Limb Innervation
Certain features of proprioceptor pool identity are acquired in a neuron-autonomous manner, with others dependent on limb signaling. If cell-autonomous signals operate, cdh13 may be expressed prior to contact with the limb mesenchyme. In reality, however, we found that cdh13 expression was initiated only after limb innervation, and its characteristic pattern is not shaped by programmed neuronal cell death (Figures S4A-S4C) .
To explore the involvement of limb inductive signaling, we focused on proprioceptor subtype specification at a molecular level, employing genetic strategies to examine the cellular source of these signals. We considered three sources of proprioceptor gene patterning signals: (1) the motor axons that fasciculate with sensory axons during their limb trajectory, (2) the target muscles innervated by sensory axons, and (3) limb mesenchymal tissues traversed by sensory axons. mice (see also Figure S4 DRG at E18.5 (n = 3 mice). Data represented as mean ± SD. See also Figure S5 . Huettl et al., 2011) . Distinct motor-axon-derived signals could impose the sensory pattern of proprioceptor cdh13 expression. Alternatively, a generic permissive signal from motor axons could function with more selective inductive sources to confer pool profiles of cdh13 expression. To test these possibilities, we deployed a genetic strategy that erodes the subtype identity of motor neurons and a second strategy that kills motor neurons early in their post-mitotic differentiation ( Figures  4A and 4B) .
Motor Neurons Are Not Involved in Specifying
To determine whether distinctions in the identity of limbinnervating motor axons impose proprioceptor subtype identities, we inactivated FoxP1, an accessory Hox factor needed for the emergence of pool identities in limb-innervating motor neurons (Dasen et al., 2008) . FoxP1 activity was abolished selectively in motor neurons (FoxP1 MND mice) by crossing an Olig2::Cre driver line with mice carrying a floxed foxP1 allele (Feng et al., 2010;  Figure 4A ). In FoxP1 MND mice examined at P1, the density of pv on neurons and the proportion of pv on neurons expressing cdh13 was unchanged in L2 and L5 DRG, when compared to wild-type littermates ( Figures 4C and  S5A ). Moreover, 100% of TA proprioceptors expressed cdh13 in FoxP1 MND mice ( Figures 4E and 4F) , and conversely, <4%
of ctb 555 -labeled GS proprioceptors expressed cdh13. Thus, motor neuron identity is not involved in the selectivity of proprioceptor cdh13 expression.
We also considered whether a generic signal provided by motor neurons acts with other inductive signals to direct the selectivity of proprioceptor cdh13 expression. To assess this issue, we used a genetic strategy to ablate motor neurons, crossing an Olig2::Cre driver line with Rosa::DTA mice ( Figure 4B ; Wu et al., 2006) prioceptor endings were still found in association with muscle spindles (Figure S5C) Figures 4G and 4H) . Together, these data provide evidence that cdh13 induction in proprioceptors is independent of permissive or instructive signals from motor axons.
Persistence of Proprioceptor cdh13 Pattern in Limbs Devoid of Most Muscles
We next examined whether limb muscles might be the source of a cdh13 inductive signal for proprioceptors, a possibility suggested by studies in chick embryos (Wenner and Frank, 1995) . To assess this issue, we analyzed proprioceptor cdh13 expression in Lbx1 À/À mice in which myogenic precursor migration into the developing limb is impaired such that the hindlimb is virtually devoid of skeletal muscle ( Figure 5B ; Gross et al., 2000) . The major peripheral nerve trajectories in Lbx1 À/À mice were similar to those in wild-type limbs (data not shown; Phelan and Hollyday, 1990) . Dextran injection into the hindlimb of E13.5 Lbx1 À/À mice revealed dextran-labeled proprioceptors in lumbar DRG, demonstrating sensory axon invasion of the hindlimb (Figure S5D) . In Lbx1 À/À mice examined at E15. Figures 2D, 2H , 2L, 3H, and 3I). To induce dorsoventral mesenchymal conversion, we manipulated expression of the LIM-homeodomain transcription factor Lmx1b, which is restricted to, and specifies dorsal limb identity (Riddle et al., 1995; Vogel et al., 1995; Chen et al., 1998) ; Li et al., 2010) . Mice with double-ventral limb mesenchyme (d/v / v 0 /v) were examined in an Lmx1b À/À mutant background (Chen et al., 1998) .
Such lmx1b manipulations resulted in the transformation of muscle, bone, and connective tissue to double-dorsal (in Prx1 Lmx1b mice) or double-ventral (in Lmx1b À/À mice) character (Figures S5F-S5H ; see Chen et al., 1998; Riddle et al., 1995; Vogel et al., 1995; Li et al., 2010) . The incidence of pv on neurons in L2 and L5 DRG and the total number of dorsal and ventral shank muscle spindles did not differ significantly in wild-type, Prx1
Lmx1b
, and Lmx1b À/À mice ( Figures S5A and S5E) . Thus, generic aspects of proprioceptor development are unperturbed by encounter with symmetrically duplicated limb mesenchymal character.
We determined the profile of proprioceptor cdh13 expression in mice lacking dorsal limb mesenchymal character. Lmx1b À/À mice die within 24 hr of birth (Chen et al., 1998) , precluding identification of proprioceptors by ctb 555 retrograde tracing. We therefore crossed Lmx1b À/À mutants to Cdh13::GFP mice and assayed muscle spindles for the presence of GFP + afferents at P0, following tamoxifen activation of Cre recombinase at E14.5 ( Figures 6A-6D ). We dissected v and v 0 shank muscles from Lmx1b À/À , Cdh13::GFP mice as well as v and d shank muscles from Cdh13::GFP mice and examined the sensory GFP status of spindles in these muscles (Figures 6A-6D ). In the dorsal limb of wild-type mice, we found that $28% of muscle spindles received GFP + afferent innervation (consistent with the efficiency of tamoxifen-mediated Cre induction). In contrast, in Lmx1b À/À mutants, only $2% of v 0 muscle spindles were associated with GFP + sensory axon terminals (Figures 6A-6D ; p < 0.001). In both wild-type and Lmx1b À/À mutant mice, spindles supplying ventral shank muscles lacked GFP + proprioceptor axons (Figures 6H-6K ).
We also examined the cdh13 expression status of proprioceptors supplying ventrally positioned but dorsally specified (d 0 ) shank muscles in Prx1 Lmx1b mice. The cdh13 status of retrogradely labeled proprioceptors was assessed at P1 after injection of ctb 555 into d' shank muscles at P0 (Figures 6E-6H mice expressed cdh13, indicating no deviation from the normal cdh13 profile (Figures 6G and 6H ). Thus, a ventral-to-dorsal switch in the positional character of the limb mesenchyme induces cdh13 expression in proprioceptors supplying ventrally positioned but fate-switched muscles. These findings support the idea that the dorsal shank mesenchyme is the source of a local inductive signal that imposes the selective status of cdh13 expression in limb-innervating proprioceptors.
To assess whether limb mesenchyme also determines the pattern of expression of additional proprioceptor muscle-type genes, we investigated the sema5a and crtac1 expression status of proprioceptors supplying ventrally located but dorsally specified (d 0 ) ventral shank muscles after retrograde labeling in Prx1 Lmx1b mice. We found that $72% of pv on neurons innervating d 0 muscles in Prx1 Lmx1b mice exhibited sema5a expression, in contrast to wild-type mice, where none of the proprioceptors innervating ventral shank muscles expressed sema5a (Figures 6I-6L ; p < 0.001). Conversely, the expression of crtac1 in pv on neurons that supply ventral shank muscles was reduced from $67% in wild-type mice to $2% in Prx1 Lmx1b mice ( Figures  6M-6P) . No deviation from the normal sema5a and crtac1 expression profile was observed in proprioceptors innervating dorsal shank in Prx1 Lmx1b mice ( Figures 6K, 6L , 6O, and 6P).
Together, these results indicate that limb mesenchymal signals differentially distributed along the dorsoventral and proximodistal axes of the limb impose the expression of many proprioceptor genes.
DISCUSSION
Neither the molecular character of proprioceptive sensory neurons nor the source of signals that direct their muscle-type programs of differentiation has been defined. We document all-or-none molecular distinctions in muscle-target-defined proprioceptors and show that three of the genes with such discriminative potential, cdh13, sema5a, and crtac1, are confined to proprioceptors supplying muscles located in distinct domains along the dorsoventral and proximodistal axes of the hindlimb. See also Figure S5 .
Cdh13 is expressed by group Ia, II, and Ib proprioceptors-assigning them a common muscle identity. Manipulating the dorsoventral identity of the limb mesenchyme elicits a marked change in the profile of proprioceptor gene expression, documenting an instructive role for limb mesenchyme-derived inductive signals in patterning proprioceptor muscle-type identity.
Regionally Restricted Limb Mesenchymal Signals Induce Proprioceptor Gene Expression
The emergence of muscle-selective proprioceptor identity appears intimately linked to the positional specification of limb mesenchyme. Patterning the limb mesenchyme involves signaling systems that operate along the proximodistal, dorsoventral, and anteroposterior limb axes (Bé nazet and Zeller, 2009) . The outgrowth and patterning of thigh, shank, and foot domains is assigned along the proximodistal axis, whereas the orthogonal dorsoventral axis primarily delineates antagonist flexor and extensor muscle compartments. The profiles of proprioceptor cdh13, sema5a, and crtac1 expression indicate that the molecular features of proprioceptor identity can be considered as a neuronal response to signals that operate independently along these orthogonal axes of the limb mesenchyme. Gain or loss of proprioceptor cdh13, sema5a, and crtac1 expression in mice with genetically induced double-dorsal or double-ventral limbs could have its basis in inductive and/or repressive signals. The simplest scheme holds that inductive signals expressed selectively by dorsal and distal limb mesenchyme induce cdh13 and sema5a expression in proprioceptors that innervate this mesenchymal domain (Figure 7) . Conversely, an inductive signal expressed selectively by ventral-distal limb mesenchyme may induce crtac1 proprioceptor expression. Nevertheless, more complex scenarios are possible. The intersection of repressive and inductive signals could form grid-like systems of positional information, such that cdh13 expression is shaped by an inductive signal expressed along the entire proximodistal axis of the dorsal limb mesenchyme, together with an independent proximal repressive signal.
Neurotrophin-3 (NT3) acting through proprioceptor TrkC has been suggested to control proprioceptor subtype and central connectivity (de Nooij et al., 2013; Wang et al., 2007) . However, the sensory profile of cdh13 is unaltered in mice in which NT-3 is ectopically expressed in all limb muscles (data not shown), arguing against the sufficiency of muscle NT-3 as a cdh13 inducer. The secreted cerebellin (Cbln) family contains candidates for induction of cdh13 and sema5a in proprioceptors, given their restricted expression by dorsal limb mesenchyme, and downregulation from limb mesenchyme in Lmx1b À/À mice (Feenstra et al., 2012; Haddick et al., 2014) . It is also possible that mesenchymal cues responsible for guiding motor axons have a dual role in specifying proprioceptor muscle-type identity, in that ephrins, glial-derived neurotrophic factor (GDNF) and netrin-1 are expressed in a restricted manner by dorsal or ventral limb mesenchyme and regulate the dorsoventral choice of motor axons (Stifani, 2014; Poliak et al., 2015) . The precise mesenchymal cell type that represents the source of proprioceptor inductive signals is also uncertain. Based on the timing of onset of cdh13 expression, undifferentiated limb mesenchymal cells or one of their derivative tissues could be sources. For example, TCF4-expressing limb connective tissue, which has been proposed to set the pattern of muscle cleavage (Kardon et al., 2003) , could also specify proprioceptor positional identity.
Linking Peripheral Specification and Central Connectivity Grafting methods in chick embryos have been used to generate limb tissue with double-dorsal character and examine proprioceptor identity indirectly through assessment of the selectivity of sensory-motor connections (Wenner and Frank, 1995) . Proprioceptors supplying ventrally positioned but dorsally specified limb tissue formed ectopic connections with motor neurons in the lateral division of the LMC, the normal target of proprioceptors innervating dorsal muscles. These results support the idea that peripheral limb signaling specifies aspects of proprioceptor identity involved in motor neuron connectivity as well as genetic identity.
Could the genes that mark muscle-type proprioceptors be involved in motor neuron connectivity? Some support for this view is provided by an analysis of cdh13 mutant mice, which exhibit a modest incidence of aberrant sensory-motor connections. The nature of the observed changes in connectivity in cdh13 mutants could reflect the combinatorial or redundant roles of other molecules in establishing final patterns of sensory-motor connectivity (Schwabe et al., 2013) . Moreover, since cdh13 is not expressed by GS or TA motor neurons (data not shown), heterophilic interactions may link Cdh13 to other type II cadherins (Duan et al., 2014) . Limb inductive signals that specify dorsoventral proprioceptor identity are likely to instruct the recognition of motor neurons in medial and lateral divisions of the LMC, whereas proximodistal limb signaling may confer recognition of the tier domains that appear to contribute to the dorsoventral patterning of sensory-motor connections (Sü rmeli et al., 2011) . Together, our results establish a link between the specification of proprioceptor identity and patterns of central connectivity.
Proprioceptor Diversity Assigned in Limb Motor Coordinates
The distinct molecular character of TA and GS proprioceptors, exemplified by cdh13, sema5a, and crtac1 expression, reveals molecular differences that correlate with muscle positional character. Genes that mark defined subsets of proprioceptors have been identified, without examining the link between gene expression and the domain of limb innervation. Thus, plexinD1 and lmo4 are expressed by proprioceptors supplying both dorsal and ventral muscles, but the status of molecular expression with regard to the proximodistal limb target domain has not been analyzed in any detail (Fukuhara et al., 2013; Chen et al., 2002) . Moreover, the maintenance of lmo4 expression after limb ablation (Chen et al., 2002) suggests that certain aspects of proprioceptor identity could be specified through cell-autonomous programs.
A muscle-by-muscle analysis of proprioceptor cdh13 expression indicates that the muscle-type identity of proprioceptors is assigned in a positional manner that conforms to the commonalities of function exhibited by synergistic muscle groups (Eccles et al., 1957; Nichols, 1994) . It also implies that proprioceptor and motor pool identities adhere to the same positional logic, perhaps not surprisingly, since the peripheral and central terminals of both sets of neurons occupy the same local microdomains in the limb and spinal cord. The expression of cdh13 by proprioceptors innervating each of the ankle flexor muscles further suggests that functionally related proprioceptors share a common molecular profile. Nevertheless in certain instances, proprioceptor identity does appear to segregate with individual muscles. Thus, cdh13 is expressed by proprioceptors innervating the rectus femoris, but not the vastii muscles, potentially a reflection of the fundamentally different biomechanical features and activity profiles of these two muscles (Eccles et al., 1957; Nichols, 1994) .
Other proprioceptor subtype genes identified in our screensnotably sema5a and crtac1-exhibit patterns of expression distinct from that of cdh13 yet conform to the core principle of positional distinctions for individual limb domains. The fact that cdh13 and sema5a are expressed by proprioceptors supplying partially overlapping muscle groups suggests that the logic of proprioceptor pool identity may emerge through programs of combinatorial specification induced by limb mesenchyme. Thus, the limb mesenchyme may coordinate multiple aspects of motor circuit assembly by regulating muscle cleavage and motor axon guidance as well as the specification of proprioceptor muscle-type identity. (Dessaud et al., 2007) , floxed FoxP1 (Feng et al., 2010) , Rosa26::lox-STOP-lox::DTA (Wu et al., 2006) , Lbx1 À/À (Gross et al., 2000) , Prx1::Cre (Logan et al., 2002) , Rosa26::lox-STOP-lox::Lmx1b (Li et al., 2010) , and Lmx1b À/À (Chen et al., 1998) . Experiments were performed according to Columbia University (Institutional Animal Care and Use Committee) guidelines.
Purification and Expression Profiling of TA and GS Proprioceptors TA or GS muscles of P0 Pv::YFP pups were injected with ctb 555 . The next day, DRG containing ctb 555 -labeled neurons were removed and dissociated (Malin et al., 2007) , and individual YFP + , ctb 555+ proprioceptors were identified and purified by aspiration (Hempel et al., 2007) . RNA was extracted from three samples of TA and GS proprioceptors, each containing 25-30 neurons, using a PicoPure RNA isolation kit (Arcturus). See Supplemental Experimental Procedures for more information.
Retrograde Labeling of Proprioceptors P0-P3 pups were anesthetized and muscles injected with cholera toxin B subunit/Alexa 555 (ctb 555 ; 1% dilution in PBS; Life Technologies). The following day, spinal cord and DRG were dissected, fresh frozen for fluorescent in situ hybridization, or 4% paraformaldehyde fixed for immunohistochemistry.
In Situ Hybridization and Immunohistochemistry
In situ hybridization and immunohistochemistry were performed on 16-to 25-mm sections (Schaeren-Wiemers and Gerfin-Moser, 1993; Dasen et al., 2005) . Primary antibodies included rabbit anti-Pv (1/5,000, Swant), guinea pig anti-Islet1/2, (1/16,000; Dasen et al., 2005) , rabbit anti-GFP (1/1,500, Life Technologies), guinea-pig anti vGlut1 (1/8,000; Betley et al., 2009) , and rabbit anti-FoxP1 (1/16,000; Dasen et al., 2008) . Fluorescein isothiocyanate (FITC), Cy3, and Cy5 secondary antibodies were used at 1/1,000, 1/1,000, and 1/500 dilutions, respectively. Double fluorescent in situ hybridization was performed with digoxigenin-and fluorescein-labeled cRNA probes, detected with a FITC/Cy-5 tyramide signal amplification (TSA) system (Perkin Elmer). Images were acquired and quantified on a Zeiss LSM510 confocal microscope (Sü rmeli et al., 2011) .
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